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H2O2Abstract Fe(III) complex of 2-phenylbenzimidazole has been covalently anchored on polymer and
characterized by elemental analysis, FT-IR, far-IR, BET surface area measurements, UV–Vis/DRS
spectroscopy, thermo-gravimetric analysis and magnetic moment measurements by VSM which
conﬁrmed an octahedral environment around Fe(III) in the bound complex. The photocatalytic
performance of this complex was evaluated in the photodegradation of dyes in presence of H2O2
as an oxidizing agent. Suitable reaction conditions have been optimized by considering the effects
of various reaction parameters such as pH, oxidants, concentration of dye, H2O2 and catalyst for
the maximum degradation of dye. The photodegradation was found to be 100% with complete min-
eralization in 150 min. The comparison of photocatalytic efﬁciency of the catalyst under visible
light, sunlight and dark conditions are accomplished. Comparison between catalytic activity of
the polymer-supported complex and unbound complex demonstrated that the polymer-supported
complex was more active. Photocatalytic performance of PS-Fe(III)PBMZL was also compared
with commercial TiO2 (P25). This heterogeneous complex retained its activity up to 8 runs. A ten-
tative mechanism has been proposed.
 2017 King Saud University. Production and hosting by Elsevier B.V. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
With the exponentially intensifying global population and
industrialization, environmental pollution is a global conun-
drum threatening humanity. Dyes are a foremost class of syn-
thetic organic compounds released by paper, plastic, leather,
food, cosmetic, textile and pharmaceutical industries that cru-
sade environmental contaminations owing to their non-
biodegradability and high toxicity and carcinogenic effectsdegrada-
2 E.R. Shilpa, V. Gayathrion aquatic creatures and humans [1,2]. Azo dyes are a well-
known class of dyes that fall under this category. They are
characterized by azo bond (AN‚NA) chromophores. Abate-
ment of dyes is an essential part of wastewater treatment. As
these dye efﬂuents are highly resistant to microorganisms, their
reduction by using tralatitious biological treatment is normally
ineffective and resistant to desolation by physico-chemical
treatments in presence of high efﬂuent concentration. Hence,
there is a need for an efﬁcacious technique for wastewater
treatment to get rid of the color from textile efﬂuents. Numer-
ous chemical and physical processes, like chemical precipita-
tion and separation of pollutants, electrocoagulation [3],
riddance by adsorption on activated carbon etc., are currently
employed which are obscured, owing to their non-destructive
nature leading to the transfer of the contamination from one
phase to another forming a new sort of pollution [4–6]. Photo-
catalytic degradation is reckoned to be a favored, promising,
cleaner, and greener technology for the removal of toxic
organic and inorganic pollutants from waste water. Extensive
research has been accomplished on the application of modiﬁed
TiO2, other semiconductors and nanocomposites [7–13]. The
photocatalysis of transition metal complexes have also been
explored due to their robust redox reactivity attributed to their
variable oxidation states. Iron(III) hexa-coordinated, high-
spin, labile complexes with weak ﬁeld ligands undergo thermal
or photochemical reduction of Fe(III) to Fe(II). In presence of
H2O2, it can generate OH radicals for degradation of pollu-
tants (Fenton process). The presence of ligand can tune its
ground state and excited state properties for efﬁcient photocat-
alytic activity. The primary photo-redox step involves the
reduction of Fe(III) to Fe(II) accompanied by outer-sphere
oxidation of ligand X (halide). It is observed that in case of
Fe(III) ion bound to a chelating ligand, latter may not involve
in photochemical process, but may indirectly enhance the labil-
ity of halide ligand attached to Fe(III) center [14].
Heterogeneous Fenton systems are promising alternatives
of their homogeneous counterparts due to their easy separa-
tion. To reduce the complexity of the process and trounce
the secondary pollution, the developed heterogeneous catalysts
have to be reusable in a wide pH range (pH = 3.0–9.0). How-
ever, heterogeneous Fenton catalysts display less OH radicals
and exhibit poor stability compared to the conventional homo-
geneous catalysts. Hence, the main obstacle is to contrive
heterogeneous Fenton-like catalysts that can effectively gener-
ate HO by H2O2 decomposition with high durability.
Immobilization of transition metal complex on the poly-
meric support renders the advantages such as; enhanced selec-
tivity and stability, protection of labile species, increased
recyclability, improved activity [15–19]. Among the polymeric
matrices, polystyrene cross-linked with divinylbenzene has
been explored as support for metal complex catalysts owing
to its high sorption capacity and stability. Though various
reports on photocatalysis by heterogenised Fe(III) complex is
explored, there are no reports on the application of
polystyrene-divinylbenzene supported Fe(III) complex in pho-
todegradation process [20,21].
As stated above, dye degradation has been performed using
TiO2, other semiconductors and nano-materials. To the best of
our knowledge, there are no reports on the application of poly-
mer (especially polystyrene-divinyl benzene) bound complex
for this process. Hence, considering the advantages of Fe(III)
in photocatalysis, immobilization of the complex on a polymerPlease cite this article in press as: E.R. Shilpa, V. Gayathri, Polymer immobilized Fe
tion of dyes under UV/Visible light irradiation, Journal of Saudi Chemical Societysupport and the environmental concern regarding the degrada-
tion of dyes, Fe(III) complex of 2-phenylbenzimidazole has
been anchored on the polymer support and its application in
photodegradation of dyes emphasizing on the inﬂuence of var-
ious parameters on its catalytic activity has been investigated
in the present study.
2. Experimental
2.1. Chemicals and reagents
Chloromethylated polystyrene divinyl benzene copolymer was
received from Thermax Ltd, India. The other reagents like
orthophenylenediamine, benzoic acid, diphosphorus pentox-
ide, orthophosphoric acid, FeCl3, methyl orange (MO), alizar-
ine red S, congo red, crystal violet and rhodamine B,
terephthalic acid, 2,6-di-tert-butyl-4-methylphenol (BHT), dis-
odium ethylene diamine tetraacetate (EDTA), isopropanol and
benzoquinone were of Merck make.2.2. Physical methods and analysis
All the samples were vacuum dried before analysis. The ele-
mental analyses were obtained with an Elementar Vario micro
cube CHNS analyzer. The iron content was determined using
inductively coupled plasma-atomic emission spectroscopy
(ICP-AES) at Atomic Mineral Directorate, Southern region,
Bangalore. The UV–Visible-DRS spectra were measured using
a Shimadzu UV–Vis-NIR model UV-3101P spectrophotome-
ter having an integrating sphere attachment for the solid sam-
ples in BaSO4. Magnetic moment measurements were carried
out using Vibrating Sample Magnetometer Lakeshore, USA,
Model 7407 with a maximum magnetic ﬁeld strength of 2.5
T and Dynamic moment range being 1  106 emu–10 emu3.
The IR spectra of the samples were recorded in the range
400–4000 cm1 as KBr disks on a Shimadzu 8400 s FT-IR
spectrometer. The ESR spectra were recorded using a Bruker
EMX EPR spectrometer X-band, m= 9.431 GHz at room
temperature (Indian Institute of Technology, Bombay). Prob-
ing of OH radicals were done by using Shimadzu RF-5301PC
ﬂuorescence spectrophotometer at an excitation wavelength of
315 nm. Visible light photocatalytic activity of the catalyst was
evaluated in a photo-reactor consisting a 150 W tungsten
iodine lamp. The surface area and pore volume were measured
by Bruneur Emmett Teller (BET) method using Micromeritics
surface area analyzer model ASAP 2020. Thermograms were
recorded on a TA instrument under nitrogen atmosphere with
heating rate of 10 C/min from 20 to 1000 C.
2.3. Synthesis
2.3.1. Preparation of polymer-anchored ligand (PS-PBMZL)
Ligand 2-phenylbenzimidazole (PBMZLH) was prepared as
reported in the literature [22]. Chloromethylated polystyrene
beads (5.0 g) were allowed to swell in DMF (15 mL) for 2 h.
A solution of PBMZLH (6.4 g, 32.9 mmol) in DMF (20 mL)
was added to the above suspension followed by triethylamine
(4.5 g) in ethylacetate (20 mL). The reaction mixture was
heated at 60 C for 48 h with stirring. After cooling to room
temperature, the creamish resin was ﬁltered off, washed(III) complex of 2-phenylbenzimidazole: An eﬃcient catalyst for photodegrada-
(2017), https://doi.org/10.1016/j.jscs.2017.12.004
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extraction using methanol:H2O in 1:3 vol and dried in an air
oven at 120 C (Scheme 1).
2.3.2. Synthesis of polymer supported Fe(III) complex of 2-
phenylbenzimidazole [PS-Fe(III)PBMZL]
The outline for the preparation of polymer-anchored Fe(III)
complex [PS-Fe(III)PBMZL] is given in Scheme 1.
The polymer-anchored ligand (2.0 g) was allowed to swell
in DMF (30 mL) for 2 h. A solution of FeCl3 (2.4 g, 14.8
mmol) in DMF (30 mL) was added to the above suspension
and the reaction mixture was heated at 80 C for 24 h with stir-
ring. The mixture was cooled to room temperature and brown
beads were ﬁltered off, washed thoroughly with hot DMF fol-
lowed by washing by Soxhlet extraction using methanol:H2O
in 1:3 volume ratio and dried in an air oven at 120 C (Yield:
2.8 g).
2.3.3. Synthesis of unbound [Fe(PBMZLH)3Cl3]
The complex was prepared by reﬂuxing a 10 mL methanolic
solution of FeCl3 (1.5 g, 9.2 mmol) with 30 mL methanolic
solution of PBMZLH (5.4 g, 27.8 mmol) for 3 h [23]. The wine
red coloured complex was ﬁltered, washed with alcohol and
was vacuum dried (yield = 5.1 g).Scheme 1 Preparation o
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Experiments were carried out in a Pyrex circular glass reactor
whose surface area is 176.6 cm2 using a 125 W medium pres-
sure mercury vapor lamp (Fig. S1). The emission wavelength
falls in the region 350–400 nm, with maximum emission at
370 nm. The irradiation was carried out by directly focusing
light into the reaction mixture in the open air condition at a
distance of 18 cm. To prevent UV radiation leakage, the reac-
tor was placed in a wooden box. No additional step was taken
to eliminate the light of different wavelengths, since this
process reduces the intensity of light. All the experiments were
performed using distilled water. Solar light experiments
were performed under sunlight directly between 11 a.m. and
2 p.m. when the solar intensity ﬂuctuations were minimal.
A typical experiment was performed using 75 mg of
photo-catalyst dispersed in 250 mL of 50 ppm dye solution in
presence of 50 ppm H2O2 as oxidant. Prior to irradiation,
the reaction mixture was stirred for 30 min to ensure maximum
adsorption. The aliquots were taken out at regular intervals
and analyzed by UV–Vis spectrophotometer. In order to deter-
mine the contribution of direct photolysis, a blank experiment
was also performed under UV illumination in the absence
of photo-catalyst that conﬁrmed nonoccurrence of dye
degradation.f PS-Fe(III)PBMZL.
(III) complex of 2-phenylbenzimidazole: An eﬃcient catalyst for photodegrada-
(2017), https://doi.org/10.1016/j.jscs.2017.12.004
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Fig. 1a IR spectra of a) PBMZLH; b) Fe(PBMZLH)3Cl3; c)
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4 E.R. Shilpa, V. Gayathri3. Results and discussion
3.1. Characterization of the PS-Fe(III)PBMZL complex
Polymer anchored Fe(III) complex was characterized by vari-
ous physico-chemical techniques such as elemental analysis,
BET surface area analysis, FT-IR, far-IR, UV–Vis/DRS spec-
tral studies and TG analyses (Table 1). It was observed that
there was slight increase in the surface area of PS-Fe(III)
PBMZL compared to that of PS-PBMZL and PS. This incre-
ment in the surface area of PS-PBMZL and PS-Fe(III)PBMZL
was attributed to the anchoring of ligand and formation of
complex on the polymer support.
3.1.1. FT-IR and Far-IR spectral studies
Ligand PBMZLH exhibited mNH at 3358 cm
1 as a broad
band, and mC‚N at 1639 cm
1 (Fig. 1a). The IR spectrum of
the chloromethylated polystyrene beads exhibited bands at
1267 and 832 cm1 due to mCH2–Cl and mCACl [24]. The mCH2–
Cl decreased in intensity after anchoring the ligand to the poly-
mer matrix indicating the binding of ligand to the polymer
matrix [25]. The polymer anchored PBMZL exhibited mC‚N
at 1620 cm1. The PS-Fe(III)PBMZL exhibited peaks around
3390 and 1611 cm1 due to mOH (due to coordinated H2O)
and mC‚N respectively. Fe(PBMZLH)3Cl3 exhibited peaks
around 3276 and 1603 cm1 due to mNAH and mC‚N respec-
tively. PBMZLH displayed mC‚N at 1639 cm
1 which was
shifted by 36 cm1 in Fe(PBMZLH)3Cl3 indicating the coordi-
nation of Fe(III) through tertiary nitrogen.
The far-IR spectrum of PS-Fe(III)PBMZL displayed peak
at 336 cm1 due to mFeACl, while mFeAN was observed at 267
cm1 (Fig. 1b) [26]. The presence of these peaks in IR spectrum
of PS-Fe(III)PBMZL, indicated the bonding of Fe(III) com-
plex on the polymer support.
3.1.2. UV–Vis/DRS spectral analysis
Electronic spectra of the PS, PBMZLH, PS-PBMZL,
PS-Fe(III)-PBMZL and unsupported complex are presented
in Figs. 2 and S2. The PS exhibited bands around 190, 225
and 283 nm due to u? u*, p? p* and n? p* (Fig. S2).
The unbound ligand exhibited strong bands around 207, 240
and 301 nm due to u? u*, p? p* and n? p* transitions.
Upon anchoring the ligand to the polymer matrix, these bands
were observed around 191, 228 and 305 nm. The anchored
complex exhibited bands around 204, 226, 303 and 375 nm
due to u? u*, p? p*, n? p* and LMCT transitions.
The absorption bands around 558 (6A1g?
4A1g), 653
(6A1g?
4T2g), 741 nm (
6A1g?
4T1g) are due to d-d transitionsTable 1 Physical properties and analytical data.
Sample Colour Elemental composition (%)
C H N
PS Cream 73.39 5.98 –
PBMZLH Cream 80.92 5.27 14.
PS-PBMZL Cream 74.89 8.48 4.0
PS-Fe(III)PBMZL Brown 56.18 6.68 3.0
*Fe(PBMZLH)3Cl3 Dark red 61.39 (62.88) 3.94 (4.06) 10.
* Calculated values are in parentheses.
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mer bound complex [27]. The electronic spectrum of unbound
Fe(III) complex was similar to that of the bound complex. The
unbound Fe(III) complex exhibited absorption bands around
214, 237, 290, 315, 330 nm due to u? u*, p? p*, n? p*
and LMCT transitions respectively. The d-d transition bands
were observed at 519, 585, 665 nm due to an octahedral envi-
ronment around Fe(III) center.
3.1.3. TG analysis
The polymer-anchored complex displayed three step decompo-
sition proﬁle (Fig. 3). A 9.4% weight loss in the temperature
range 120–271 C was due to loss of a coordinated waterBET surface area (m2/g)
Fe Fe/N
– – 32.48
62 – – –
3 – – 44.99
2 6.12 2.05 46.59
98 (11.28) 7.24 (7.50) 0.65 (0.66)
(III) complex of 2-phenylbenzimidazole: An eﬃcient catalyst for photodegrada-
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ions and PBMZL group (27.2%) in the next step at the temper-
ature range of 271–416 C. The third step was due to decompo-
sition of polymer matrix from 417 C. In case of Fe
(PBMZLH)3Cl3, the degradation took place in three steps; in
the ﬁrst step 14.2% weight loss due to three Cl ions in
the temperature range of 50–186 C (Fig. 3). This is followed
by the loss of three PBMZLH moieties in next two steps in
the temperature range 186–970 C.
3.1.4. Magnetic moment measurements
The magnetic moment of PS-Fe(III)PBMZL was calculated
from VSM plot (Fig. 4). PS-Fe(III)PBMZL displayed a satura-
tion magnetization (Ms) of 1.657  103 emu corresponding to
a magnetic moment of 5.49 BM due to 5 unpaired electrons in
Fe(III) center.
CHN analysis of PS-Fe(III)PBMZL indicated the Fe:
PBMZLH ratio as 1:1. IR spectral studies conﬁrmed the coor-
dination of Fe(III) to the functionalized polymer. UV–Vis/
DRS spectral studies suggested an octahedral environment
around Fe(III). TGA studies conﬁrmed the presence of400 500 600 700
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Polymer immobilized Fe(III) complex of 2-phenylbenzimidazole: An efﬁcient catalyst 7coordinated water. Based on these studies a probable structure
of the polymer anchored Fe(III) complex was suggested as
given in Scheme 1.
3.2. Photocatalytic degradation studies
The photodegradation of methyl orange (MO) was carried out
using 75 mg of PS-Fe(III)PBMZL catalyst in a photo-reactor
containing 50 ppm of dye and 1:1 M ratio of H2O2 in 250
mL of H2O under UV irradiation. Complete mineralization
was obtained after 150 min. Under these optimized conditions,
the degradation of other dyes was studied.
3.2.1. Effect of pH
pH of the reaction medium is found to be the prime factor for
the photocatalytic reaction and can have an impact on the
adsorption of dyes on the surface of the photo-catalyst. The
effect of pH on photocatalytic degradation was investigated
at a pH range of 3.0–8.0 using 50 ppm of dye, 75 mg of cata-
lyst, 50 ppm of H2O2 and the results are presented in Fig. 5.
The reactivity of the catalyst under different pH was found
to be in the order of: pH 3 < pH 4 < pH 5 < pH 6 > pH
7 > pH 8. It has been observed that with an increase in pH
from 3.0 to 6.0, the rate of photocatalytic degradation of dye
also increased but on further increase of pH above 6.0 resulted
in a decrease in the rate of photocatalytic degradation. The low
activity obtained at acidic condition can be due to strong inter-
action of the dye molecules on the active site. MO being an
anionic dye, could strongly interact with the Fe center at high
acidic condition (within pH 4). At low acidic condition (pH
range between 4 and 6) weaker interaction of dye with the cat-
alyst could have dominated the reaction leading to high degra-
dation rate. With further increase in pH above 6.0, a decreased
rate of dye degradation was observed. At higher pH, the bind-
ing of dye to the Fe(III) center could be more hindered due to
weak binding of dye to Fe center.Please cite this article in press as: E.R. Shilpa, V. Gayathri, Polymer immobilized Fe
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The effect of concentration of dye on photodegradation reac-
tion was investigated using 75 mg of catalyst, 1:1 M ratio of
dye: H2O2 at pH 6 by varying the concentration from 10 to
100 ppm (Fig. 6). The decolourization of MO enhanced with
increase in the concentration from 10 to 50 ppm attributed
to the fact that, as the concentration of dye increased, sufﬁ-
cient dye molecules were available for coordination to the
active sites increasing degradation. The rate of photocatalytic
degradation decreased with an increase in the concentration
of dye further (70–100 ppm). As the number of active sites
are ﬁxed, at higher dye concentration, there may be decrease
in the availability of sufﬁcient active sites for the dye molecules
to interact. Thus, the rate of degradation decreased with
increase in concentration of dye.(III) complex of 2-phenylbenzimidazole: An eﬃcient catalyst for photodegrada-
(2017), https://doi.org/10.1016/j.jscs.2017.12.004
0 20 40 60 80 100 120
0.0
0.2
0.4
0.6
0.8
1.0
 25 ppm
 50 ppm
 75 ppm
 100 ppm
 150 ppm
C
/C
o
Time (minutes)
Fig. 8 Effect of H2O2 concentration on MO degradation.
0 20 40 60 80 100 120
0.0
0.2
0.4
0.6
0.8
1.0
C
/C
0
 25 mg
 50 mg
 75 mg
 100 mg
8 E.R. Shilpa, V. Gayathri3.2.3. Effect of oxidants
The present study investigates the application of H2O2, oxone
and APS as oxidants (Fig. 7). Among these, the degradation
rate increased as follows: oxone > H2O2 > APS. Though
oxone showed complete mineralization of the dye in 60 min,
H2O2 was choosen due to its environmental signiﬁcance.
APS showed low activity compared to other two oxidants
owing to the enhanced stability of sulfate resulting in its slow
rate of attack on the organic molecule compared to hydroxyl
radical. Excess acidity provided by APS may further decelerate
the process H2O2 generates hydroxyl radicals in a single step
either by direct photolysis or through interaction with active
site. However, persulfate radicals generated by APS would
react with active site forming sulfate radicals whose interaction
with water generates hydroxyl radicals which is a two-step pro-
cess. The rate of the latter reaction is slow and also the sulfate
radicals being more acidic further decrease the pH of the med-
ium which deteriorates the rate of attack of free radicals on
organic molecules [28].
3.2.4. Effect of H2O2 concentration
The photodegradation of MO using PS-Fe(III)PBMZL was
studied using ﬁve different H2O2 concentrations viz., 25, 50,
75, 100 and 150 ppm (Fig. 8). The rate of degradation
increased up to 50 ppm due to availability of more OH radi-
cals for degradation and it decreased with further increase of
H2O2 concentration to 100 ppm as increasing in concentration
could enhance the hydroxyl radical scavenging effect which
was more pronounced at 150 ppm of H2O2. It is well known
that at higher concentrations, H2O2 may recombine with the
hydroxyl radicals thereby decreasing their availability for dye
degradation.
3.2.5. Effect of catalyst concentration
The effect of concentration of PS-Fe(III)PBMZL on the rate
of photocatalytic degradation of MO was observed by keeping
all other factors identical (Fig. 9). It is clear from the plot
(C/Co v/s time) that the rate of photocatalytic degradation
increased with increase in concentration of the catalyst. The0 20 40 60 80 100 120
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Fig. 7 Effect of oxidants on photocatalytic degradation of MO.
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Fig. 9 Effect of PS-Fe(III)PBMZL concentration on MO
degradation.
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PS-Fe(III)PBMZL was used due to availability of less number
of active sites. With increase in catalyst concentration up to
75 mg the photodegradation rate also increased that could be
attributed to availability of more number of active sites.
Further increase in catalyst concentration to 100 mg did not
result in signiﬁcant photodegradation. Thus, 75 mg of catalyst
was considered to be optimum.
Hence, the optimum conditions for MO degradation under
UV light was 75 mg of catalyst, 50 ppm of dye, 1:1 M ratio of
dye:H2O2 at pH 6 for 2 h.
3.2.6. Comparative study under irradiation and dark
In order to account for the catalytic efﬁciency of PS-Fe(III)
PBMZL, the photodegradation of MO was carried out under
optimized conditions without H2O2, wherein 53.67% degrada-(III) complex of 2-phenylbenzimidazole: An eﬃcient catalyst for photodegrada-
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Polymer immobilized Fe(III) complex of 2-phenylbenzimidazole: An efﬁcient catalyst 9tion was encountered in 150 min (Fig. 10). When the reaction
was carried out under optimized conditions, in dark, in pres-
ence of PS-Fe(III)PBMZL and H2O2 there was 15.43% dye
degradation. PS-Fe(III)PBMZL showed an excellent dye
decolorization performance under UV illumination in presence
of H2O2 (98.74%) (Table 2). In absence of catalyst and H2O2
there was no signiﬁcant degradation observed (4.2%; process
efﬁciency: 0.002%). Further the catalytic performance of PS-
Fe(III)PBMZL was also carried out under visible light irradi-
ation which indicated that the catalyst displayed good visible
light photocatalytic activity with MO degradation of 62.12%
under optimized conditions.
3.2.7. Comparison with PS, PS-PBMZL and Fe
(PBMZLH)3Cl3
The catalytic activity of PS-Fe(III)PBMZL was compared with
the Fe(PBMZLH)3Cl3 under optimized reaction conditions.
The activity of PS-Fe(III)PBMZL was superior compared to
that of Fe(PBMZLH)3Cl3 (Table 2). Upon immobilization of
complex on the polymer support, the active centers get well
dispersed thereby preventing agglomeration and adsorption
of dye molecules are enhanced [29–31]. In order to understandTable 2 Comparative study of MO degradation in presence of UV
Conditions % dye degradation
PS-Fe(III)PBMZL+UV 53.67
PS-Fe(III)PBMZL+UV+H2O2 98.74
H2O2 + UV 23.47
PS-Fe(III)PBMZL+ Sunlight + H2O2 43.76
PS-Fe(III)PBMZL+ dark + H2O2 15.43
Fe(PBMZLH)3Cl3 + UV+H2O2 65.05
FeCl3 + UV+H2O2 41.03
PS-Fe(III)PBMZL+UV+H2O2 62.12
PS-PBMZL+UV+H2O2 29.14
PS + UV+H2O2 27.68
Reaction conditions: [dye] = 50 ppm; [dye]:[H2O2] = 1:1; pH= 6; time =
Please cite this article in press as: E.R. Shilpa, V. Gayathri, Polymer immobilized Fe
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Fe(III) complex, the dye degradation was carried out under
optimized conditions using FeCl3 wherein only 41.03% degra-
dation was observed. Thus it is clear that the ligand complex-
ation with the metal could enhance the photocatalytic activity
of Fe(III) by tuning its ground state and excited state
properties.
When the reaction was carried out using polymer support
(PS) in presence of UV light and H2O2, there was 27.68%
degradation (Table 1). However in case of PS-Fe(III)
PBMZL, the degradation of MO was found to be 98.74%.
This enhanced increase in the catalytic activity of PS-Fe(III)
PBMZL may be due to the combined effect of increased sur-
face area and the presence of Fe(III) complex on the polymer
support.
3.2.8. Effect of nature of dyes and comparison with commercial
TiO2 (P25)
The chemical structure of the organic dyes has a considerable
effect on their photodegradation. In order to correlate the
effect of dye structure on the degradation efﬁciency of catalyst,
six different dyes were chosen., alizarine red S, methyl red,
crystal violet, congo red, rhodamine B and MO (Figs. 11
and 12). Among these, MO, methyl red and congo red are
azo dyes. The % degradation of these azo dyes followed the
order; methyl red (99.25%) >MO (98.74%) > congo red
(49.93%). The enhanced degradation rate of methyl red is
ascribed to its weak adsorption through the carboxylic moiety
at low pH that is expected to be mainly electrostatic in nature,
whereas the MO and congo red are expected to coordinated to, sunlight and dark.
Rate constant from log C/C0
versus time plot (min1)  102
Process eﬃciency (u)  105
(ppm min1 W cm2)
0.27 0.810
1.29 1.491
0.11 0.354
0.21 0.661
0.09 0.232
0.71 0.982
0.60 0.619
0.34 0.938
0.17 0.440
0.14 0.470
150 min.
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Table 3 Comparison of photocatalytic activity of PS-Fe(III)PBMZL with commercial TiO2 (P25).
Sl. No Dye % photodegradation TON
PS-Fe(III)PBMZL Degussa TiO2 (P25) PS-Fe(III)PBMZL Degussa TiO2 (P25)
1 Methyl Orange 98.74 36.19 5483 2030
2 Congo Red 49.93 26.41 5961 3153
3 Alizarine Red S 37.51 28.86 2200 1692
4 Methyl Red 99.25 34.80 4580 1606
5 Crystal Violet 14.01 19.94 980 1394
6 Rhodamine B 24.79 30.46 2035 2500
Reaction conditions: [dye] = 50 ppm; [dye]:[H2O2] = 1:1; pH= 6; time = 150 min; [Catalyst] = 8.218  105 mol of metal content.
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Fig. 13 Recycling studies of PS-Fe(III)PBMZL.
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 forming a strong covalent inter-
action in turn leading in lower rate of degradation [32]. The
degradation of rhodamine B was found to be lower than that
of the above mentioned azo-dyes, due to the presence of ethyl
side chains in it, which could render hydrophobic character to
it. A parallel reaction may take place between OH radical andPlease cite this article in press as: E.R. Shilpa, V. Gayathri, Polymer immobilized Fe
tion of dyes under UV/Visible light irradiation, Journal of Saudi Chemical Societyhydrogen atoms of the side chains which could compete with
destruction of the dye chromophore, without leading to a
decrease in the absorbance of the solution [33,34]. Compared
to rhodamine B (24.79%), alizarine red S (37.51%) showed
better degradation rate owing to the presence of hydroxyl
groups in it that enhances the degradation due to its +I effect
[35–37]. As the above mentioned beneﬁciary groups for degra-
dation are absent in crystal violet (14.01%), its degradation
rate was the least.
The photodegradation of the above mentioned dyes was
carried out using commercial TiO2 (P25) deguassa under the
optimized conditions of PS-Fe(III)PBMZL. In all the cases,
the photocatalytic activity was found to be higher for PS-Fe
(III)PBMZL compared to the TiO2 (P25), except in case of
crystal violet degradation, where the % degradation in case
of TiO2 was 19.94% while in case of PS-Fe(III)PBMZL, it
was 14.01% (Table 3).
3.2.9. Recycling studies
The recycling ability of the PS-Fe(III)PBMZL was investi-
gated by separating the catalyst from the reaction mixture after
the reaction and was washed with water, followed by ethanol
dried at 120 C and reused for photodegradation reaction
under optimized conditions. The results showed that catalyst(III) complex of 2-phenylbenzimidazole: An eﬃcient catalyst for photodegrada-
(2017), https://doi.org/10.1016/j.jscs.2017.12.004
Scheme 2 Plausible mechanism for the photodegradation of MO in presence of PS-Fe(III)PBMZL.
Scheme 3 Plausible photodegradation pathway of the MO in
presence of PS-Fe(III)PBMZL (retention time in parentheses).
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of the complex on the polymer support was found to increase
the life of the catalyst as the active sites are well dispersed thus
reducing dimerization in turn leading to the retention of cat-
alytic activity.
To test the metal leaching from PS-Fe(III)PBMZL,
reaction was carried out under optimized conditions for
60 min. Later the catalyst was removed from the reaction
mixture and the reaction was further continued up to
150 min. It was observed that there was negligible degra-
dation of dye in absence of catalyst. Hence the catalyst
was truly heterogeneous and metal had not leached out
from the catalyst.
3.3. Mechanism of photodegradation of MO dye
The involvement of reactive oxygen species (ROS) in the pho-
todegradation of MO in presence of PS-Fe(III)PBMZL was
determined by carrying out the reaction in presence of scav-
enger such as EDTA-2Na+ (disodium ethylenediamine
tetraacetate) (a superoxide scavenger), isopropyl alcohol (hole
scavenger) and benzoquinone (hydroxyl radical scavenger) and
also BHT (butyrated hydroxyl toluene, a radical scavenger)
[38].
It was observed that the photodegradation of methyl
orange was not signiﬁcantly affected in presence of EDTA,
conﬁrming that superoxide was not the reactive species in
the present case (Fig. 14). Similarly, the reaction took place
even in presence of isopropyl alcohol, hence there is no role
of hole in the present case. But, when BQ and BHT were
employed for scavenging studies separately, the photodegrada-
tion was drastically reduced, conﬁrming the involvement of
hydroxyl radicals in the photodegradation.
Further, the involvement of OH radicals was conﬁrmed by
using terephthalic acid as a ﬂuorescence probe [39] (Fig. 15). It
is well known that the hydroxyl radicals react with terephthalic
acid to form hydroxyterephthalic acid. The latter when excited
at 315 nm, emits ﬂuorescence at 430 nm, while the former in
ﬂuorescence inactive [39,40]. It was observed that there was
formation of hydroxyterephthalic acid from ﬂuorescence spec-
troscopy studies, where there was increase in peak intensity
with time. Hence, in the present case OH radicals are reactive(III) complex of 2-phenylbenzimidazole: An eﬃcient catalyst for photodegrada-
(2017), https://doi.org/10.1016/j.jscs.2017.12.004
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been proposed for the MO degradation in presence of PS-Fe
(III)PBMZL.
In PS-Fe(III)PBMZL, the coordinated Cl ligand after
photo-excitation transfers an electron to the central Fe(III)
via an outer-sphere electron transfer resulting in the formation
of Cl and an Fe(II) complex (Scheme 2).
The dye MO then binds to the Fe(II) center which is later
attacked by the OH radical to get oxidized. The end products
after mineralization are found to be CO2 and H2O. When the
reaction was carried out in presence of BHT, a radical abstrac-
tor, there was no photodegradation, further conﬁrmed that the
reaction followed a free radical mechanism. The possible
degradation pathway of the dye in presence of PS-Fe(III)
PBMZL is presented in Scheme 3 based on mass spectral anal-
ysis at different time intervals (Fig. S3).4. Conclusion
An octahedral iron complex supported on polymer (PS-Fe(III)
PBMZL) has been synthesized and characterized structurally
and spectroscopically. It has proven to be successful in the
photodegradation of dyes under mild reaction conditions
and found to be more active than unbound Fe(PBMZLH)3Cl3.
The PS-Fe(III)PBMZL exhibited good UV/visible light photo-
catalytic activity. The metal complex did not leach out from
the polymer support and thus polymer anchored iron catalyst
can be reused without appreciable loss of activity, indicating
that the anchoring procedure was effective. The recyclability
of this catalyst is high and can be reused seven times without
signiﬁcant decrease from its initial activity.Acknowledgements
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